Abstract: Recent climate changes have had marked effects on the ice-free season and thermal conditions in many highlatitude lakes, but their ecological effects combine with density-dependent processes to affect fish growth and life history. To better understand the relative roles of climate and intraspecific density, we applied Gaussian state-space models to long-term data on growth of juvenile sockeye salmon (Oncorhynchus nerka) in Iliamna Lake, Alaska, USA. Both temperature and density influenced fry size at the end of their first growing season, but the positive effect of temperature exceeded the negative effects of density. Fry growth was affected by the magnitude of their own cohort more strongly than by the previous brood (i.e., yearlings). In contrast, density was more important than temperature in Lake Aleknagik, also in Bristol Bay, over the same period of record, probably because Iliamna Lake is cooler and has generally lower densities of juvenile sockeye salmon than Lake Aleknagik. In both lakes, the size of the fish at the end of the first growing season affects smolt size and age at seaward migration, hence survival at sea and age at maturity, so the relative effects of climate and density depend on the ecological context.
Introduction
High-latitude lake systems are characterized by pronounced seasonal cycles of resource availability and scarcity, and evidence for warming and the ecological impacts of climate variability are often pronounced (Magnuson et al. 2000; Root et al. 2003; Berteaux et al. 2004) . Lake systems in the Northern Hemisphere have experienced substantial changes in ice cover and phenology, air and water temperatures, evaporation, thermal stratification, and other important limnological events reflecting trends in warmer winters and earlier springs (Schindler et al. 1990; Winder and Schindler 2004; Schindler et al. 2005) .
Salmonid fishes (char, trout, and salmon) are often numerically and ecologically important in northern aquatic ecosystems, and their complex life cycles offer insights into the effects of changing climate on life history and ecology. Salmon catch records showed a positive correlation with climate indices across the North Pacific (Beamish and Bouillon 1993) and fit particularly well with phases of the Pacific Decadal Oscillation (PDO) for Alaskan stocks of salmon (Mantua et al. 1997) . Studies using paleolimnology have revealed that fluctuations in Pacific salmon populations correlated with changes in climate regimes over several centuries (Finney et al. 2000) . Sockeye salmon (Oncorhynchus nerka) often spawn at high densities in lakes and tributary streams during the late summer and fall, and the fry emerge the following spring. The juveniles typically rear in lakes for 1 or 2 years, then migrate to the ocean to grow for an additional 1, 2, or 3 years before returning to spawn (Burgner 1991; Quinn 2005) . The lacustrine juvenile phase makes them particularly amenable for studies on the effects of changing cli-mate because size at the end of the first growing season affects the age and date of seaward migration. Within populations, larger members of a year class tend to migrate a year earlier than smaller members, and larger individuals tend to migrate earlier in the spring than smaller members of their cohort (Foerster 1968; Burgner 1987; Quinn et al. 2009 ). Size and timing of seaward migration influence marine survival and thus play important roles in overall population productivity (Henderson and Cass 1991; Koenings et al. 1993) .
Growth of juvenile sockeye salmon in lakes is positively related to temperature (warmer water increases the physiological scope for growth of sockeye salmon up to about 15 8C; Brett 1995), but growth is also affected by nutrient concentrations, zooplankton quantity and quality, and the density of conspecifics (Hyatt and Stockner 1985; Edmundson and Mazumder 2001; Schindler et al. 2005) . However, the relative importance of these factors varies among lakes and among years within a given lake (Burgner et al. 1969; Burgner 1987) . Moreover, in systems with two age classes of juveniles rearing in the lake at the same time, there is competition among year classes as well as competition within each year class (Selifonov 1970; Burgner 1987) . Climate and density affect growth and thus size at the end of the first growing season in sockeye salmon through direct effects on scope for growth and competition for food (Burgner et al. 1969; Burgner 1987; Schindler et al. 2005) . Changes in air temperature can also profoundly affect complex limnological processes such as ice breakup, absorption of solar radiation, and thermal stratification, which influence the timing and rate of production and abundance of phytoplankton and zooplankton (Straile 2000; Scheffer et al. 2001; Winder and Schindler 2004) . Understanding the interactions among these factors is important for both explaining historical patterns in life history and survival and also for projecting the effects of future climate change on the populations.
In this study we used long-term data on juvenile sockeye salmon in Iliamna Lake in the Bristol Bay region of southwestern Alaska to determine the relative roles of climate and density in controlling growth and the life history transition to the smolt stage. The Iliamna Lake populations of sockeye salmon include fish that migrate to sea after either one or two full growing seasons in the lake, allowing us to study competitive interactions between year classes. Iliamna Lake and its tributaries have had not only remarkably large runs of sockeye salmon during this period but also showed distinct population cycles (Eggers and Rogers 1987) , and in recent years the runs have been very low. These changes in density, unrelated to degradation in habitat quality or access, have taken place during a period of dramatic shifts in climate (Mantua et al. 1997; Hilborn et al. 2003) , making this an ideal system in which to study the interplay between these processes. We predicted that warmer conditions would be positively correlated with fry size at the end of the first summer, whereas intraspecific competition (within and between brood years) was predicted to correlate negatively with size.
Materials and methods

Study site and sampling
Iliamna Lake is the largest lake in Alaska, with a surface (Fig. 1) . Juvenile sockeye salmon have been sampled annually in late summer by University of Washington staff since 1962. A 3 m Â 3 m opening net was towed at the lake's surface behind and between two boats for 20 min at approximately 3 kmÁh -1 . Towing began approximately an hour after nightfall, to allow juvenile sockeye salmon to undergo their diel vertical migration, rising to surface areas to feed (Scheuerell and Schindler 2003) , and to minimize visual gear avoidance. Some gear avoidance by larger individuals might occur; however, this would tend to homogenize the length distributions among years. The observed variation in lengths indicated underlying differences in size distributions among years. Catches were identified to species, individuals were measured for fork length, and a subsample was weighed. Sampling has taken place throughout the lake at standardized locations (Burgner 1964; Rich 2006) , but spawning adults and juveniles are concentrated in the eastern end of the lake. In recent years, sampling has been most regular in two index sections (Knutson Bay and Pedro Bay, Fig. 1) , and only the data from these sections were examined in this paper.
The two age classes of juvenile sockeye salmon, age-0 (fry) and age-1 (yearlings), were distinguished by inspection of size frequency distributions (Rich 2006) . Within each year, the age classes were distinct; fry were typically <75 mm and yearlings were 75 mm; the longterm average lengths were 57 mm for fry and 91 mm for yearlings. We then calculated the average sockeye salmon fry length in a given year as the arithmetic mean length of fry caught in each section, weighted by their relative surface areas (Knutson Bay = 0.43, Pedro Bay = 0.57). Last, lengths of fry were standardized to length on 1 September because the actual sampling dates varied by a few days among years and sampling also took place on more than one night in most years. 1 September is near the end of the growing season for Bristol Bay sockeye salmon nursery lakes, and in most years the final sampling was conducted shortly before or after this date (Schindler et al. 2005) . Lengths were adjusted by taking the product of the number of days between the sampling date and 1 September and the daily growth rate determined from that year, then adding or subtracting this to give an adjusted mean length. The annual growth rate was calculated from multiple sampling events that year. If sampling only took place at the end of the season, we used a value of 0.33 mmÁday -1 (the long-term average growth rate for juvenile sockeye in this area of the lake; Rich 2006).
We initially used simple linear regressions to explore potential factors affecting fry growth and identify our predictor variables. Our first factor was fry density. There were no absolute estimates of fry abundance, so we used the Alaska Department of Fish and Game (ADF&G) counts of the adult sockeye salmon that entered the Iliamna Lake system to spawn as our index of juvenile fry density. These counts were offset by 1 year because the offspring from Brood Year 1961, for example, were rearing in the lake as fry in 1962. The production of fry is likely to be related to the number of spawning adults in a nonlinear manner owing to density-dependent mortality (e.g., Essington et al. 2000) . Therefore, we used the natural logarithm of parent escapement the year before as our metric of fry density.
Our second factor was the density of yearling sockeye salmon. We estimated their abundance as the natural logarithm of the number of age-2 smolts leaving Iliamna Lake in the following spring (as reported by ADF&G). The number of smolts includes fish rearing in Lake Clark, which would not compete with the fry in Iliamna Lake, resulting in an overestimate of competition. On the other hand, not all fish that were alive in the summer would have survived to the following spring, resulting in an underestimate of competition. Notwithstanding these offsetting sources of error, the smolt counts provided an index of competition between brood years. We did not use smolt counts for our estimate of fry density because the relationship between age-1 smolts and fry length explained far less variation than the parent escapement and fry length relationship. We felt justified in using smolt counts for the yearling density estimate because our yearling tow net index and smolt count relationship was strong (r 2 = 0.78, H. Rich, Fisheries Research Institute, unpublished data), and parent escapement lagged 2 years did not suitably account for life history transitions and sources of mortality that juveniles would experience over this time period.
The third factor hypothesized to affect growth was temperature, and we used the mean monthly air temperature from Intricate Bay, on the south side of Iliamna Lake, from March to June as an index of climate experienced by juvenile sockeye salmon each year. Spring air temperatures showed a significant warming trend in the Iliamna Lake area from 1962 to 2006. A simple linear model indicated that average spring air temperatures are about 3.3 8C warmer now than they were four decades ago ( Fig. 2 ; p < 0.001, r 2 = 0.25). Spring air temperatures reflected other important environmental variables in this system, being positively correlated with spring water temperatures (p < 0.0001, r 2 = 0.62) and negatively correlated with day of ice break up (p < 0.0001, r 2 = 0.45). We tested several other combinations of months before our temperature index was selected for analysis of fry length, including winter (November-February, January-April, December-February), summer (June-August, July-September), entire sequences of first year life (November-October, September-October), and other variations of spring temperature (April-June, March-May, February-May, February-June). Intricate Bay (the Kakhonak village airfield: cdo.ncdc.noaa.gov/CDO/cdo) provided the region's most complete air temperature records over the period of this study , but in the 10 months Fig. 1 . Iliamna Lake, Alaska, USA, including index tow net sites (gray circles with centered black spot) used for long-term data collection in eastern end of the lake and three sites where environmental data were collected (black dots). Inset: Alaska and northwestern Canada, with study location highlighted.
(scattered among years) when no records were collected at Intricate Bay, we used air temperatures collected at nearby Iliamna airport to complete the temperature record (Fig. 1) . Linear regression revealed a strong correlation between the Intricate Bay and Iliamna airport records (r 2 = 0.99), and therefore we assumed that the temperatures used reflected local conditions. We used the air temperature data rather than water temperature or date of ice breakup because they were available for all months of the year rather than only the beginning of June, as was the case for the water temperature data.
In summary, our analysis used a 45-year time series of data including estimates of fry density and spring air temperatures on fry growth from 1962to 2006 (two-regressor model) and a shorter, 39-year time series for which we had an additional estimate of yearling density (three-regressor model; see Table 1 ).
Time-series analysis
We used Gaussian state-space models (SSMs) to quantify the relative effects of three different factors on the growth of juvenile sockeye salmon in their first year of life: the density of their parents (and so, presumably, the abundance of fry), the density of older conspecifics from the previous year's cohort, and temperatures they experienced as newly emerged fry. The advantage of SSMs over conventional multiple regression is that in SSM the information on the sequence of observations is incorporated into the analysis, whereas in multiple regression the data from each year are treated as independent. SSM also address both observation and process errors. In ecological systems, the events in 1 year are often linked to those in previous and succeeding years by various processes, so SSMs may provide a better analytical tool, though the general findings are likely to be similar. SSMs are now being applied regularly for use with ecological data (e.g., Scheuerell and Williams 2005; Schindler et al. 2005; Ward et al. 2007 ).
The observed response variable at each time step t (Y t ) was modeled as a linear combination of a level parameter (q t ), the product of a 1 Â m vector of regression parameters (b) times an m Â 1 vector of predictor variables at time t (X t ), and an error term (v t ) to form what is known as the observation equation:
The normally distributed observation errors (v t ) have a mean 0 and time-dependent variance (V t ) that is estimated from all of the prior data.
A second equation known as the system equation allows the level parameter (q t ) to change through time according to a first-order Markov process:
where u t is the process error with mean 0 and variance W t . We began by fitting a so-called ''reference'' model containing only a level term, such that eq. 1 was simply
This random-walk model offered a means for comparing the relative performance of more complicated models containing explanatory variables. We fit all models using the ''sspir'' package in the R programming language (www. r-project.org).
We compared alternative models through the use of Akaike's information criterion corrected for small sample size (AIC c ), which balances model fit against overparameterization (Burnham and Anderson 2002). All models were ranked by increasing AIC c , and the difference between each model and the best model was computed according to Burnham and Anderson (2002) suggested that when D i equals 0-2, the level of empirical support for model i is ''substantial''; 4-7 is ''considerably less''; and >10 is ''essentially none''. To compare the magnitude of the effect of each regressor on the dependent variable of each model, we calculated effect sizes as the product of the regression coefficient and the value of the independent variable in each year of the time series. Effect sizes were expressed in the units of the dependent variable, providing a simple indication of the magnitude of each explanatory variable on sockeye salmon fry size.
Results
For the 45-year time series , the model that included both spring air temperature and fry density best explained the variation in sockeye salmon fry length (Table 1) . The model's fitted values matched the trends in the observed data in most instances ( Fig. 3 ; r 2 = 0.88). The model including only spring air temperature performed better than the model including only sockeye salmon fry density, and both performed much better than the reference random-walk model (Table 1 ). The positive effect of air temperature was nearly three times larger than the negative effect of sockeye salmon fry density (mean effects: 7.90 mm for temperature and -2.64 mm for density; Fig. 3 ).
For the 39-year time series , for which we had data on yearling densities), the best model again had both fry density and spring air temperatures as predictors of fry growth, followed by the model with spring air temperature and density estimates for both age classes of sockeye salmon (fry and yearling; Table 1 ). All models that included spring air temperature performed better than models containing only density estimates -sockeye fry alone, yearlings alone, or the combination of both juvenile age class densities (fry density and yearling density) -as predictor variables (Table 1) . As with the longer time series, the model incorporating temperature and fry density captured the trends of the observed data ( Fig. 4 ; r 2 = 0.87). The positive effect of temperature was the largest (mean = 7.09 mm), followed by the negative effect of fry density (mean = -2.86 mm), and finally the negative effect of yearling density (mean = -1.05 mm). The effect of temperature was thus greater than either fry or yearling density alone and about twice as large as the combined effect of both age classes of juveniles (Fig. 4) .
Discussion
Spring air temperatures in the Iliamna Lake region of southwestern Alaska have warmed by about 3.3 8C since 1962, leading to significantly earlier date of ice breakup and warmer spring water temperatures at the lake's outlet (Rich 2006) . The warming trend has had a strong positive effect on juvenile sockeye salmon growth in this system, combined with a weaker but also important effect of density. The temperature effect was the single most important pre- Note: Within each group, models are ranked in order of increasing predictive performance (i.e., lowest marginal negative log-likelihood (NLL)). The value of Akaike's information criterion corrected for small sample size (AIC c ) provides evidence in favor of a model compared with the best overall model. Values of D i equal to 0-2 indicates the level of empirical support for model i is ''substantial''; 4-7 is ''considerably less''; and >10 is ''essentially none'' (Burnham and Anderson 2002) . k represents the number of estimated parameters. Fig. 3 . Model prediction (±2 standard deviations, broken lines) and observed data for the fry density + spring air temperature model . Effect size plot inset shows mean effect size (mm) over the time series for spring air temperature (T) and fry density (F).
dictor of fry growth, and all models including temperature performed better than models including estimates of density alone. The largest density-related effect resulted from competition within brood years, but there was also evidence that yearling density reduced growth of fry. The positive effect of spring air temperature was about three times as large as the negative effect of sockeye salmon fry density alone and about twice as large as the combined negative effects when both age classes of juvenile sockeye salmon were examined. These results were consistent with previous work in this system that used much shorter periods of record (Rogers and Poe 1984; Burgner 1987) .
Warmer spring air temperatures can affect growing conditions in a number of ways. First, warmer temperatures can reduce duration of ice cover, lengthening the growing season. Schindler et al. (2005) showed that in nearby Lake Aleknagik, Alaska, spring ice breakup has become about 7 days earlier over a similar period . They attributed the earlier breakup to a long-term shift in baseline climatic conditions and also the warmer phase of the PDO that prevailed during this time period. Longer growing seasons should increase both primary and secondary productivity in the lake, increasing food supply and quality. Schindler et al. (2005) found that earlier ice breakup led to increased summer densities of zooplankton, the major food source for juvenile sockeye salmon. Interestingly, in Lake Aleknagik (with essentially the same sampling methods and period of record), the effects of fry density were more pronounced than climatic effects on fry growth (Schindler et al. 2005) , and the number of yearling sockeye salmon in this lake is negligible, so the density effect is limited to a single age class. Iliamna Lake is larger, deeper (particularly in the eastern end where our index areas are located), and cooler than Lake Aleknagik (Burgner 1991; T. Quinn, Fisheries Research Institute, unpublished data) , and so an increase in temperature has a proportionally greater effect by enhancing the physiological scope for growth. Moreover, although Iliamna Lake has many more returning adult sockeye salmon than Lake Aleknagik, the density is much lower because the former lake is so large (*18 adultsÁha -1 since 1960 vs. 42 adultsÁha -1 in Lake Aleknagik). Thus densitydependent processes seem to be much more important in Lake Aleknagik.
Warmer spring temperatures may also accelerate development of salmon embryos in the gravel, leading to earlier emergence of fry and enabling them to forage for a longer period of time before the onset of fall. Studies on the effects of reduced riparian zone vegetation (from experimental logging) revealed that milder temperatures led to earlier fry emergence in the spring, a longer growing season, faster growth in the summer, and a greater tendency to migrate to sea at age 1 rather than age 2 in British Columbia coho salmon (Oncorhynchus kisutch) (Holtby 1988; Holtby and Scrivener 1989) . Atlantic salmon (Salmo salar) also grew faster in their first summer of life during warm years (Jonsson et al. 2005) .
Early life stage influences affect later life performance such as growth, survival, and reproductive success in many taxa (Lindström 1999; Beckerman et al. 2003) . Jonsson et al. (2005) found that climate (i.e., the North Atlantic Oscillation index) influenced water temperature and stream flow during the development of embryos, affecting the mean length of Atlantic salmon fry at the end of their first growing season and the proportion of the cohort that migrated to sea the following spring. In Iliamna Lake, summer temperatures (June-August) were less important than springtime temperatures (March-June) as an explanatory variable for sockeye salmon fry length, and this was also the case with Atlantic salmon (Jonsson et al. 2005) .
Sockeye salmon fry growth in Iliamna Lake was reduced by their cohort's density, as has been shown elsewhere (Burgner 1987; Kyle et al. 1988; Mazumder and Edmundson 2002) , and this intrabrood competition was more than twice as strong as competition between cohorts (effect sizes: -2.86 vs. -1.05 mm). The fry greatly outnumber the yearlings (*10-fold; Rich 2006) in the eastern end of Iliamna Lake . Effect size plot inset shows mean effect size (mm) over the time series for spring air temperature (T), yearling density (Y), and fry density (F).
where our index areas were located. Thus, despite the greater size of individual yearlings (7.5 vs. 1.7 g, based on mean weights pooled from catches between 15 August and 15 September), the competition from fry may exceed that of yearlings. However, densities of yearlings are higher in the western end of the lake (Burgner et al. 1969; Rich 2006) and so different results might have been found had that region been sampled over all the years. In other systems with multiple age classes of juveniles, the yearlings produced by large escapements reduced growth of the following year class (Selifonov 1970; Burgner 1987; Ruggerone and Rogers 2003) . The Iliamna Lake system has been known for its cyclical population dynamics, with many instances of large (>6 million) escapements, sometimes occurring in two consecutive years, so both intra-and inter-brood effects are important in this system.
In the past decade, the Iliamna Lake system has seen the combined effects of warmer temperatures and reduced intraspecific competition. From 1960 to 1995, there were about 21 spawning adultsÁha -1 , but from 1996 to 2005, the average has been only 8.5 adultsÁha -1 , an almost 60% reduction in adult density. The system has not had consecutive large escapements since 1994-1995, and even the returns of 6.2 million in 1999 and 5.5 million in 2004 were small compared with the peak years in the past. This reduction in adult densities combined with warm conditions to increase fry size at the end of the first growing season. Fry size affects the proportion of a cohort that migrates to sea as 1 year olds (Burgner 1987; Rich 2006; Fig. 5 , r 2 = 0.48), so the proportion of age-1 smolts leaving this system has increased. For smolt years 1993-2000, on average 72% of outmigrants were age-1, compared with the average of 48% age-1 smolts from the 1963-1992 smolt years. This may affect the population dynamics in the system by reducing interbrood competition for food in the lake, further reinforcing the tendency of fry to grow fast and leave the lake after a single year.
The fish may grow large enough to leave at age-1 the next spring but still be smaller than they would be as age-2 smolts. Data collected from this system (1962-2000 by ADF&G) indicated that age-1 smolts were 18% shorter and 43% lighter than age-2 smolts. Smolt size can have a positive effect on marine survival (Henderson and Cass 1991; Koenings et al. 1993) . So, systems with historically high proportions of age-1 smolts may see beneficial effects of increases in temperature, whereas systems experiencing a shift to earlier age at migration may see lower survival (Quinn 2005) . Smolt age and marine age are linked; age-2 smolts tend to spend 2 years at sea rather than 3 to a greater extent than age-1 smolts (Quinn 2005; Quinn et al. 2009 ). Of the adult sockeye salmon entering Iliamna Lake from 1979 to 2005, age-2 smolts produced 81.3% of those spending 1 year at sea, 52.6% of those spending 2 years at sea, and only 26.7% of those spending 3 years at sea (F. West, ADF&G, 333 Raspberry Road, Anchorage, AK 99518, USA, unpublished data). The age-1 smolts have reduced survival at sea because they are small when they enter the ocean and because they stay there longer and so have more exposure to predators and other mortality agents. Consistent with this scenario, Wood River system sockeye salmon have experienced improved productivity during the same period when the Iliamna Lake system has experienced reduced productivity (Hilborn et al. 2003) . The dynamics of fry growth in lakes Aleknagik and Iliamna reveal that ecological responses to climate change may not be regionally homogeneous and that the interplay between climate and other ecological factors such as competition may control how climate effects are expressed in population dynamics. 
